Abstract Only rarely do corticotroph pituitary tumors become invasive leading to symptoms caused by compression of cranial nerves and other local structures. When aggressive pituitary neuroendocrine tumors do develop, conventional treatment options are of limited success. A 50-year-old man developed a giant invasive corticotroph pituitary tumor 2 years after initial presentation. His tumor and symptoms failed to respond to maximal surgical, radiosurgical, radiation and medical therapy and a bilateral adrenalectomy was done. He subsequently developed rapid growth of his tumor leading to multiple cranial nerve deficits. He was administered salvage chemotherapy with capecitabine and temozolomide (CAPTEM), a novel oral chemotherapy regimen developed at our institution for treatment of neuroendocrine tumors. After two cycles of CAPTEM, his tumor markedly decreased in size and ACTH levels fell by almost 90%. Despite further decreases in ACTH levels, his tumor recurred after 5 months with increased avidity on PET scan suggesting a transformation to a more aggressive phenotype. Temozolomide had been reported to be effective against other pituitary tumors and this case adds to this literature demonstrating its use along with capecitabine (CAPTEM) against a corticotroph tumor. Further evaluation of the CAPTEM regimen in patients with pituitary neuroendocrine tumors which fail to respond to classic treatments is warranted.
Introduction
Pituitary corticotroph adenomas rarely develop into aggressive and invasive tumors [1] . Many of these occur in the setting of Nelson's syndrome, defined as clinically significant enlargement of a corticotroph adenoma after bilateral adrenalectomy, and growth typically occurs over months to years. Standard treatment options include surgical debulking and radiotherapy [2] . When conventional treatments fail to control aggressive corticotroph tumors, few options remain.
Eleven cases of the successful use of temozolomide alone to treat pituitary tumors have been reported [3] [4] [5] [6] [7] [8] [9] . We describe a patient with a corticotroph adenoma who failed standard treatment and developed rapid tumor growth with life threatening cranial nerve deficits. We used oral temozolomide and capecitabine (CAPTEM), which led to an initial radiographic and symptomatic response and a correlative decrease in corticotropin (ACTH) levels. This is the first report of the use of the CAPTEM regimen against a pituitary neuroendocrine tumor. Possible pathophysiologic mechanisms underlying the initial response and eventual recurrence of the tumor are discussed. Further, we comment on other reports of temozolomide use, the potential mechanism for CAPTEM's effect and its potential applicability to patients with invasive pituitary neuroendocrine tumors.
Case report
A previously healthy 50-year-old man presented with headaches and the sudden onset of diploplia due to left cranial nerve (CN) VI palsy and was found to have a pituitary mass. Endocrine workup demonstrated hypogonadotropic hypogonadism, a normal prolactin of 6.3 ng/ml, an elevated ACTH of 113 pg/ml (9-52 pg/ml) but a normal 24-hour urinary free cortisol (UFC) of 31 lg/day (normal \50 lg/day). He underwent gross total transsphenoidal resection of the tumor with symptom resolution. Pathology revealed a 1.5 cm adenoma with sheets of ACTH positive cells with a high Ki-67 labeling index (LI) of 31% ( Fig. 1) (typical pituitary adenoma \2%). He initially denied symptoms of Cushing's syndrome except reporting that he tanned easily. No physical exam findings suggested Cushing's.
His CN VI palsy recurred two months later and pituitary magnetic resonance image (MRI) showed recurrence of a 2.8 cm tumor in the left cavernous sinus encasing the left internal carotid artery. Due to the recurrent tumor's location, an 80% partial resection was done with symptomatic improvement. Pathology was similar to the initial resection. His diplopia recurred within weeks. MRI appeared unchanged and the patient underwent gamma knife radiosurgery of the tumor without clinical or radiographic effect.
Six months after his initial presentation, he developed classic signs and symptoms of Cushing's syndrome including central weight gain, a dorsal fat pad, moon facies, easy bruising, hyperpigmentation and hypertension. Laboratory values include an ACTH of 151 pg/ml (9-52 pg/ml), a serum cortisol of 28 lg/dl (5-25 lg/dl) and a urinary free cortisol (UFC) of 498 lg/d (\50 lg/d). Ketoconazole was begun and was titrated to a dose of 400 mg orally three times a day, which controlled his CD symptoms for about 6 months.
One year after presentation, he had a total left CN VI palsy, an ACTH of 767 pg/ml and ketoconazole no longer controlled his symptoms nor UFC levels. MRI showed growth of the tumor by 0.7 cm. He underwent standard conformal external beam radiotherapy (XRT) with 5040 cGy in 28 fractions over 2 months with a decrease in his ACTH to 375 pg/ml but no change in his UFC or MRI.
Over the next year, UFC and ACTH levels continued to rise despite addition of metyrapone 250 mg orally twice a day, octreotide 300 lg subcutaneously three times a day and oral cabergoline 0.5 mg twice a week. After initiation of octreotide, imaging indicated relative stability of the tumor. Two years after presentation, he underwent bilateral adrenalectomy because medical therapy failed to control his Cushings symptoms, which included increasing fatigue, proximal muscle weakness, escalating antihypertensive requirements, poor memory and hyperglycemia. Just prior to his bilateral adrenalectomy, his ACTH was 733 pg/ml and UFC was 932 lg/d. After his adrenalectomy, ketoconazole, metyrapone, octreotide and cabergoline were discontinued and the patient was placed on twice physiologic corticosteroid and mineralocorticoid replacement. Immediately postoperatively, he noted some improvement in symptoms but he began to experience a near constant headache. He was readmitted 2 weeks after his adrenalectomy with dysphagia and aspiration of liquids, new difficulty moving his right eye laterally, numbness over his left jaw and worsening hoarseness. Physical exam revealed hyperpigmentation, bitemporal hemianopsia, anosmia, fixed medial left eye deviation with minimal pupil reactivity, decreased lateral right eye movement, decreased sensation over his left face, uvula deviation to the left and a poor gag reflex. His ACTH was 2,541 pg/ml, a 347% increase from preoperative levels. Levels of alpha subunit, chromogranin A and thyroid function were normal. An HIV test was negative. MRI demonstrated growth of the parasellar tumor further into the left cavernous sinus, the sphenoid sinus and inferiorly to the posterior margin of the clivus and into the basion (Fig. 2b) . Because the tumor encased vital structures and was radioresistant, he was deemed not to be a candidate for further neurosurgical or radiation therapy. Although octreotide was restarted immediately and stress dose steroids and rosiglitazone (8 mg/day) were added with an initial reduction in his ACTH by 26%, his symptoms did not improve but worsened such that he required enteral feeding due to his severe dysphagia. An octreotide scan showed octreotide avidity of the tumor and no evidence of extracranial metastases. Octreotide was changed to sandostatin LARÒ 30 mg every month.
A trial of salvage chemotherapy with capecitabine (CAP) and temozolomide (TEM) was initiated (CAPTEM) because of our prior experience with this regimen against other neuroendocrine tumors. This protocol, designed in our laboratory to target neuroendocrine tumors, consists of 28 day cycles with oral CAP 1,000 mg twice daily on days 1-14 and oral TEM 100-200 mg/m 2 /day divided into bid dosing on days 10-14. Because he had no prior chemotherapy he was given 200 mg/m 2 /day for 5 days on days 10-14 of capecitabine. No chemotherapy is given on days 15-28. The regimen was well tolerated by the patient without any grade 2, 3 or 4 toxicities and no myelotoxicity, diarrhea or hand-foot syndrome. After two cycles, MRI showed a 75% decrease in tumor size with residual in the left sella and cavernous sinus (Fig. 2 ). Concurrently, his ACTH level decreased to 309 pg/ml from 1,874 pg/ml and his symptoms improved significantly with return of extraocular movements on the right and decreased dysphagia. His performance status improved from three to one. ACTH was felt to be an adequate tumor marker and levels were followed monthly (Fig. 3) . After 4 cycles of CAPTEM, ACTH production fell by[95% to 85 pg/ml, his headaches resolved, his CN deficits improved such that he could eat solid foods and his hyperpigmentation decreased.
However, he returned to the hospital 5 months after initiation of CAPTEM with recurrence of his CN dysfunctions. ACTH level at this time was 36 pg/ml despite MRI evidence of tumor re-growth to its prior dimensions and with further sinus extension. A fluorodeoxyglucose (FDG)-positron emission tomography (PET)-contrast enhanced CT scan of the head demonstrated intense FDG avidity of the mass with a standardized uptake value (SUV) of 14.6/16. The impression was that CAPTEM had eliminated the well-differentiated neuroendocrine corticotroph tumor cells but there had been escape of a population of poorly differentiated small cell neuroendocrine cells and the tumor now behaved as a small cell carcinoma. He noted new back pain and a bone scan was consistent with metastatic disease at the T2 and T3 vertebrae and two ribs but no radiographically positive lesions were seen in this location on X-ray or MRI. He received two cycles of standard etoposide and cisplatin for small cell carcinoma with decreased tumor volume (40%) in the head on MRI. However, he did not tolerate the etoposide/cisplatin regimen hematogically despite reduced doses (50%) and chose to stop all oncologic treatment, enter hospice and he died 1 month later. Autopsy was not performed per the patient's wishes.
Discussion
Our patient had a highly atypical and aggressive corticotroph adenoma that did not meet criteria for pituitary carcinoma, which requires metastases [10] , until his final recurrence. At the time of the recurrence, however, his ACTH was normal suggesting that these tumor cells were not ACTH producing cells but rather a more aggressive poorly differentiated small cell type. His initial tumor had an extremely high Ki67 LI which is a measure of tumoral mitotic activity and may have 97% specificity for atypical adenomas when greater than three percent [11] . Despite prior maximal amounts of radiotherapy, our patient's tumor grew rapidly over only 2 weeks after adrenalectomy with concomitant rise in ACTH by 346%. After adrenalectomy for CD, the incidence of Nelson's syndrome may be as high as 39% over 3 years without prior pituitary irradiation [12] and is reduced 50% by prior irradiation [13] . Accelerated growth of ACTH-secreting cells due to the loss of glucocorticoid inhibition typically occurs over months to years. Neither a high Ki67 labeling index nor presence of mitoses are predictive of Nelson's syndrome [12] . In retrospect, octreotide may have contributed to tumor stabilization. Octreotide targets primarily somatostatin receptor subtype 2 (sst2) and less efficiently sst5 and is generally ineffective in lowering ACTH levels in CD as corticotroph adenomas predominantly exhibit sst5 [14] . Clearly, our patient had an unusually aggressive tumor that demonstrated unprecedented growth after adrenalectomy to become life threatening. Our patient presented with evidence of mass effect of the tumor and without florid CD symptoms. Silent corticotroph adenomas have been described and are reported to be more aggressive and locally invasive than typical corticotroph microadenomas which cause CD [15] . There are reports of patients with large, invasive, silent corticotroph tumors evolving into CD years after initial presentation [16, 17] . This patient's initially normal 24 h urinary free cortisol and lack of clinical signs of Cushing's syndrome despite an elevated plasma ACTH level may have been due to the rapidity of his tumor growth that did not permit signs to become manifest. Alternatively, initial tumoral secretion could have been that of biologically inactive ACTH and precursor of ACTH (POMC) which has been demonstrated in some invasive atypical macroadenomas [18] . The nature of ACTH produced by this patient's tumor may have changed or eventually, as the tumor volume increased, enough biologically active ACTH was produced to lead to Cushing's syndrome.
Due to the severity of his cranial neuropathies and because we had exhausted all conventional treatments, we initiated alternative treatments. We chose rosiglitazone, a peroxisome proliferator-activated receptor gamma (PPAR-gamma) agonist, because PPAR-gamma is expressed on pituitary tumors and because rosiglitazone has been reported to benefit some patients with CD [19] and Nelson's Syndrome [20] and to inhibit growth of pituitary cell lines in vitro [21] . However, it is unlikely that rosiglitazone contributed significantly to his tumor shrinkage as other studies show no benefit of rosiglitazone to patients with Nelson's syndrome [22] and because his ACTH levels did not decrease after initiation of rosiglitazone.
Treatment was also initiated with the chemotherapy regimen CAPTEM, which consists of sequential use of capecitabine and temozolomide and was developed in our lab (RLF). Capecitabine is an oral chemotherapeutic agent which is converted to 5-fluorouracil (5-FU) in vivo by the enzyme, thymidine phosphorylase, which is present in higher concentrations in neoplastic versus non-neoplastic tissue [23] . 5-FU is metabolized to 5-dUMP which produces deficiency of thymidylate by inhibiting thymidylate synthase (TS) which leads to decreased deoxyribonucleic acid (DNA) synthesis and inhibition of cell division by reducing conversion of UMP to dTMP by TS, thus a thymidylate deficiency occurs. Temozolomide is a lipophilic imadozotetrazine derivative which is converted to a methylating alkylator agent that causes DNA damage at any point in the cell cycle through base pair mismatch of O 6 methyl-guanine with thymidine in the sister chromatid instead of cytosine. The mismatch repair enzymes misread the methylated guanine as an adenosine and place thymidine in the sister chromatid. Thus, the rationale for utilizing capecitabine for 10 days before the addition of temozolamide is the decreased thymidine levels intracellularly accentuates the mismatch repair process such that the deficiency of thymidine leads to a break in the DNA, a potent stimulus for apoptosis. In a carcinoid (BON) neuroendocrine tumor (NET) cell line, the combination is superior for inducing apoptosis by 2-3 fold over temozolamide alone when given in the sequence of capecitabine (5-FU) preceding temozolomide (TMZ) [24, 25] Temozolomide also causes loss of the DNA repair enzyme, methyl-guanine methyl transferase (MGMT), a.k.a O 6 -alkyl-guanyl-alkyltransferase which is covalently bound and consumed when MGMT binds to the methylated guanine to repair the lesion in DNA. Recent studies have demonstrated that lower levels of MGMT may be predictive of tumor aggression in clinically non-functioning pituitary adenomas [26] and fortunately lower MGMT expression may predict a better response to temozolamide therapy [8, 27] . A recent report by Kulke et. al. demonstrated that well differentiated neuroendocrine tumors outside the pituitary have low endogenous levels of MGMT [28] .
Recently temozolomide alone had demonstrated sustained effects in 11 separate cases of pituitary tumors. A malignant prolactinoma had a sustained response to temozolomide for 2 years after temozolomide was discontinued [5] . Three pituitary carcinomas, two prolactin, one GH/Prolactin and one LH secreting, had long term partial responses to temozolomide [3, 4, 7] . In one of these tumors, post-treatment pathology demonstrated decrease in the Ki67 LI from 40 to 5%, as well as, an expected increase in necrosis, fibrosis and hemorrhages and an unexpected increase in neuronal transformation [4] . Another benign but invasive prolactinoma which failed dopamine agonist therapy responded to temozolomide with a greater than 30 fold reduction in serum prolactin and decreased tumor volume [6] . Three additional aggressive prolactinomas [7, 8] , and a clinically nonfunctioning pituitary adenoma [7] had significant reductions in tumor mass and hormone levels with temozolamide therapy of variable durations. Two aggressive corticotroph tumors had tumor shrinkage and reductions in hormone levels on temozolamide [9] . Other lipophilic alkylating agents such as carmustine and lomustine may also have temporary anti-proliferative effects against pituitary tumors [5] . Some reports have included cases in which the therapy was unsuccessful [8] , but it is unknown what percentage of aggressive pituitary tumors may respond to this chemotherapy as no prospective trials have been conducted.
As this is the first reported case of CAPTEM use for a pituitary tumor and no trials have been conducted it is unknown whether this regimen would be superior to temozolomide alone. However, as previously noted, we have data supporting the concept that pretreatment with capecitabine potentiates the cytotoxicity of temozolomide. Simultaneous capecitabine and temozolomide use has been successfully reported for breast cancer brain metastases [29] but this is the first report of their sequential use against a pituitary tumor. Also, our retrospective trial of 18 patients and prospective ongoing trial in 20 patients with metastatic well and moderately differentiated neuroendocrine carcinomas including carcinoids to the liver who failed high dose sandostatin LARÒ (60 mg/month) has shown an average response rate of 67% with CAPTEM, with another 25% achieving stable disease with minor toxicities (unpublished data RLF). The standard of care (streptozocin, doxorubicin) only has a 6% response rate and many grade 3, 4 toxicities [24] . In comparison, a recent report showed a 25% response rate with combined temozolomide and thalidomide therapy in metastatic neuroendocrine tumors [30] . Thus, it is plausible, based upon laboratory and ongoing clinical studies, that the CAPTEM regimen may be superior to temozolomide alone against neuroendocrine cancers and possibly pituitary tumors. This is the third described case of a temozolomide based regimen used against a corticotroph tumor [9] . This patient's tumor volume initially decreased dramatically by about 75% with an associated reduction in ACTH from 1,874 to 309 pg/ml. Although the ACTH continued to fall and eventually normalized, the patient had tumor regrowth. We hypothesize that the relatively differentiated neuroendocrine corticotroph tumor cells continued to respond to the CAPTEM but that other less differentiated cells in the tumor continued to grow and acted a small cell carcinoma. The 40% response to etoposide and cisplatin also support this hypothesis, as this regimen is highly efficacious for small cell carcinomas. As this patient also had radiotherapy prior to the administration of CAPTEM, we cannot be certain that the latter alone was responsible for the marked tumor shrinkage that initially followed its use. However, radiotherapy to pituitary tumors typically does not produce rapid marked tumor shrinkage as occurred in this patient and thus the time course of tumor shrinkage is more suggestive of an effect of the CAPTEM regimen. The efficacy of temozolamide for corticotroph tumor cells is also supported by a recent report of the effective treatment of a patient with Nelson's syndrome with temozolamide resulting in regression of the tumor and marked reduction in ACTH levels [31] .
In conclusion, we report a patient with a highly aggressive, invasive corticotroph tumor that exhibited rapid growth post adrenalectomy. While prior reports have demonstrated durable responses to temozolomide, we report a dramatic but short-term response (5 months), to CAPTEM with ultimate progression probably due to selection of poorly differentiated, small anaplastic cells. Given the prior reports of temozolomide use, as well as our case, the use of CAPTEM should be considered in patients with invasive, aggressive pituitary adenomas or carcinomas who fail conventional medical, surgical and radiation therapies. Additional larger scale studies are needed to further define the role of this chemotherapy regimen in the treatment of aggressive pituitary tumors.
